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ABSTRACT 
 
The proposed light trapping technology of Distributed Bragg Reflector (DBR) with 
Diffraction Grating (DG) and Anti-Reflection Coating (ARC) for thin film Si solar cell 
was analyzed from the technology, market, and implementation perspectives. Two 
applications were investigated. For monocrystalline thin film Si solar cell, layer transfer 
technology is too expensive, while sliver Si technology is more applicable, but 
impossible to add DBR and DG structure on sliver Si that still attached on native wafer. 
For amorphous thin film Si solar cell, the cost model was created. Even though best-case 
assumptions were used, the cost/performance ratio of amorphous thin film Si equipped 
with proposed light trapping technology was still higher (worse) than incumbent 
amorphous thin film Si solar cell. 
 
 
Thesis Supervisor: Eugene A. Fitzgerald 
Title: Merton C. Flemings-SMA Professor of Materials Science and Engineering 
 
  3 
 
Acknowledgments 
This thesis is the essential of my hard work during master candidacy. Nevertheless, this 
thesis will not exist without help and support from many people around me. I would like 
to acknowledge: 
To my advisor, Prof. Eugene A. Fitzgerald, thank you for having faith in me to work 
under your supervision. Prof. Fitzgerald taught me about technological assessment based 
on his experience that motivates and inspires me to follow his figure in the future. I 
would also acknowledge Prof. Fitzgerald for critical view during my presentation at 
3.207 - Technology Development and Evaluation course.  
To Dr. Feng, thank you for the prompt email responses clarifying and explaining about 
several details of his paper titled “Design of Highly Efficient Light-Trapping Structures 
for Thin-Film Crystalline Silicon Solar Cells”. 
To both Prof. Choi Wee Kiong (SMA) and Prof. Caroline Ross, thank you for the 
prompt email response explaining detailed information of Interference Lithography cost. 
To A. Tegar Wicaksono and Annika Larsson, thank you for getting me interested and 
started on the topic. We were working together as a group on a similar topic at 3.57 
(Materials Selection, Design, Economics) project.  
To Jocelyn Sales and Angelita Mireles for all helps and supports at the administrative 
level during my master candidacy. 
To all of my MIT-SMA fellow, Annika, Charlie, Waleed, Mike, Tegar, Iong Ying, 
Larry, Sidney, Zong Bin, Yudi, Ria, Yaliang, Sun Li, Sang, Thanh, Minh, Chiew 
Yong. I enjoy the fun and joy spending the terms with all of you. 
Last but not least, thanks to my mom and dad for all the supports and encouragements of 
my life. 
 
  4 
 
Table of Contents 
Acknowledgments................................................................................................................3 
List of Figures ......................................................................................................................6 
List of Tables .......................................................................................................................8 
Chapter 1 - Introduction .......................................................................................................9 
1.1 Motivation .................................................................................................................9 
1.2 History .....................................................................................................................10 
1.3 Overview of Light Trapping Technology ...............................................................12 
1.3.1 Anti-Reflection Coating (ARC) ....................................................................13 
1.3.2 Surface Texturing..........................................................................................13 
1.3.3 Back Reflector ..............................................................................................15 
Chapter 2 - Technology Descriptions ................................................................................16 
2.1 Novel Light Trapping Technology using ARC, DG and DBR ...............................16 
2.2 State of Technology .................................................................................................18 
2.3 Assessment of Hype ................................................................................................19 
2.4 Metallization Hurdles ..............................................................................................20 
Chapter 3 - Process Flow ...................................................................................................22 
3.1 Manufacturing of Amorphous Thin Film Si ............................................................22 
3.2 Process Flow of Monocrystalline Thin Film Si .......................................................23 
3.3 Process Flow of ARC, DG and DBR ......................................................................26 
Chapter 4 - Competing Technologies ................................................................................28 
Chapter 5 - Complementary Technologies ........................................................................29 
5.1 Interference Lithography .........................................................................................29 
5.2 Amorphous Silicon Technology: Uni-Solar Triple Junction ..................................30 
  5 
 
5.3 Monocrystalline Thin Film Si Solar Cell ................................................................31 
Chapter 6 - Market Evaluation ...........................................................................................33 
6.1 Market of Thin-Film Si Solar Cell ..........................................................................33 
6.2 Market Direction of Light Trapping Technology ....................................................35 
Chapter 7 - Intellectual Property ........................................................................................36 
7.1 Intellectual Property for Amorphous Thin-Film Si Solar Cell ................................36 
7.2 Intellectual Property for Crystalline Thin-Film Si Solar Cell .................................36 
7.3 Intellectual Property for Light Trapping Technology .............................................38 
Chapter 8 - Cost Analysis ..................................................................................................39 
Chapter 9 - Business Strategy ............................................................................................43 
9.1 Supply Chain ...........................................................................................................43 
9.2 Business Model .......................................................................................................44 
Chapter 10 - Conclusions ...................................................................................................45 
References ..........................................................................................................................47 
Appendix 1 Cost Model .....................................................................................................49 
 
  6 
 
List of Figures 
Figure 1 NREL best research cell efficiencies [5, 6]   ........................................................ 11
Figure 2 Simplified schematic of thin film Si solar cell showing front and back surface   12
Figure 3 (a) Inverted pyramid front surface [10] (b) Cross groove surface texture [11]   .. 14
Figure 4 Short-circuit current of different surface texture at different cell thickness [12]   14
Figure 5 Schematic of thin film Si solar cell with ARC, DG and DBR light trapping 
structure [3]   ....................................................................................................................... 16
Figure 6 Graphical presentation of simulation results show the efficiency improvement of 
thin film Si solar cell [3]   ................................................................................................... 18
Figure 7 Interdigitated top contact schematic of thin film Si solar cell with DBR, DG and 
ARC light trapping technology [1]   ................................................................................... 20
Figure 8 Top and bottom contact schematic of thin film Si solar cell with DBR, DG and 
ARC light trapping technology   ......................................................................................... 21
Figure 9 Process Steps of continuous manufacturing of amorphous Si solar cell [15]   .... 22
Figure 10 Process flow of layer transfer technology of monocrystalline thin film Si solar 
cell   ..................................................................................................................................... 23
Figure 11 Illustration of sliver Si solar cell attached in native wafer and rotated 90o after 
separation [22]   .................................................................................................................. 25
Figure 12 Sliver module [24]   ............................................................................................ 26
Figure 13 Process flow of ARC   ........................................................................................ 26
Figure 14 Process flow of DG   .......................................................................................... 27
Figure 15 Process flow of DBR   ........................................................................................ 27
Figure 16 Schematic of Achromatic Interference Lithography [25]   ................................ 29
Figure 17 Scanning electron image of DG made by interference lithography [25]  .......... 29
Figure 18 Schematic of Uni-Solar triple-junctions amorphous thin film Si solar [26]   .... 30
Figure 19 Process flow of Uni-Solar triple-junctions amorphous thin film Si solar cell 
[26]   .................................................................................................................................... 31
Figure 20 Cross section of sliver Si module with sliver cell on the middle [27]   .............. 32
Figure 21 Terrestrial solar power revenue forecast for North America [28]   .................... 33
  7 
 
Figure 22 (a) PV cell and module shipments by type [30] (b) PV cell and module average 
price [30]   ........................................................................................................................... 34
Figure 23 Schematic of Relative Process Based Cost Modeling using combination of top 
down and bottom up approach   .......................................................................................... 39
Figure 24 Unit cost at different production volume for 85MW capacity   ......................... 41
Figure 25 Variable cost breakdown   .................................................................................. 42
Figure 26 Supply chain of photovoltaic industry   .............................................................. 43
 
  8 
 
List of Tables 
Table 1 Optimized parameters for ARC, DG and DBR fabrication [3]   ........................... 17
Table 2 Simulation shows the efficiency improvement of thin film Si solar cell [3]   ....... 17
Table 3 Process steps of sliver Si cell [22]   ....................................................................... 25
Table 4 Relevant patents for amorphous thin film Si solar cell fabrication   ..................... 36
Table 5 Relevant patents of monocrystalline thin film Si solar cell fabrication   ............... 37
Table 6 Relevant patents of light trapping technology   ..................................................... 38
Table 7 Cost model result for production volume of 85, 50 and 25 MW   ......................... 40
Table 8 Competitors of p-Si and incumbent a-Si   .............................................................. 40
Table 9 Comparison of business model   ............................................................................ 44
  9 
 
Chapter 1 - Introduction 
1.1 Motivation 
Silicon, albeit an indirect bandgap material, is used for photovoltaic device because 
silicon is abundant, cheap, and well characterized. Indirect bandgap material is acceptable 
for photovoltaic device but not for light generation device. Silicon is extracted from silica 
or sand using Czochralski process. Sand is abundant and easy to obtain from earth crust. 
Silicon technology and know-how are rooted from microelectronic industry that benefits 
the solar cell industry. 
The first generation of silicon solar cell is bulk Si solar cell. Bulk Si solar cell has thick 
(≈675um) monocrystalline or polycrystalline Si and has high efficiency with high cost. 
The second generation of Si solar cell is amorphous thin-film solar cell having thickness 
of several um. Amorphous Si thin film solar cell is cheaper with lower efficiency. 
Monocrystalline thin-film solar cell is on research stage.  
Thin-film Si solar cell has a benefit of having less Si material per cell compared to bulk 
Si solar cell since the key cost driver for bulk Si solar cell at high production rate is the 
amount of silicon material. It is attractive to use less Si material, hence reducing the cost 
of solar cell. Moreover, reducing thickness of solar cell is an effective way to maximize 
open circuit voltage. [1] However there is a trade-off between thickness of active material 
and efficiency of solar cell due to limited absorption of thin film Si [2].  
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Si solar cell, which has band gap of 1.12eV or 1107nm, will only absorb photon that has 
energy above 1.12eV or wavelength below 1107nm. Thin film Si has limited absorption 
at 800-1100nm range since Si is an indirect band gap material. [3] It means that most of 
photon just penetrate through the cell and do not contribute to the electron-hole pair 
generation.  
Absorption coefficient is defined as the distance in which photon power at certain 
wavelength equal to 1/e of its incident power. Absorption coefficient for Si solar cell is 
10um at 800 nm & 3 mm at 1100 nm. [3] This means that in order to get full absorption 
from 800 to 1100nm, minimum thickness of Si need to be 3mm, but typical thin film Si 
solar cell thickness in order of several um. 
In this thesis, light trapping technology to improve absorption of photon is investigated 
with consideration of both performance and cost of manufacturing. Two possible 
applications for crystalline thin film Si solar technology or amorphous thin film Si solar 
technology were investigated with results that lead to detailed cost model for amorphous 
thin film Si solar cell. 
1.2 History 
The earlier history of bulk crystalline Si solar cell is reported by Ohl using melt grown 
junction with less than 1% energy conversion efficiency in 1941. [4] Bell Laboratories 
developed silicon solar cell with Li diffused wraparound which has 4.5% efficiency in 
1953, followed by silicon solar cell with B diffused wraparound with 11% efficiency in 
1955. [4] NREL recorded the development of crystalline Si solar cell from 1976 to 
present as shown in Figure 1. [5] 
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In Figure 1, the crystalline Si cells category consists of bulk single crystal, multi-
crystalline and thick Si film. The thin film Si solar cell is categorized under Thin-film 
technologies. 
 
Figure 1 NREL best research cell efficiencies [5, 6] 
In this thesis, both amorphous and crystalline Si thin film solar cells were considered. 
From Figure 1 [5], amorphous solar cell is developed by RCA in early 1975 to 1983, by 
Solarex in 1986, and by United Solar in 1992 to 1999 with best efficiency of 12.1%. 
Monocrystalline Si thin film solar cell is developed by Kaneka in 1997 using 2um thin 
film on glass, and University of Stuttgart in 2002 using 45um thin film transfer with best 
efficiency of 16.5%.  
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1.3 Overview of Light Trapping Technology 
Si as an indirect bandgap material has the nature of limited absorption when the thickness 
is very thin. This limited absorption reduces the efficiency of thin film Si solar cell. To 
improve efficiency of thin film Si solar cell, light trapping mechanism is used by 
increasing the optical path length and to prevent light that otherwise would be lost.  
Optical path length is the total distance of light travels in the thin film Si solar cell. Light 
trapping technology is able to diffract and reflect the light inside the cell, such that the 
light bounces back and forth inside the cell, results in increase of optical path length. 
Front surface of cell is defined to be the surface where the incidence light comes. Back 
surface of cell is defined as the other side of front surface. Figure 2 illustrates front and 
back surface. 
 
 
 
 
There are 3 general methods to confine/trap light inside solar cell by using Anti-
Reflection Coating (ARC), surface texturing, and back reflector. 
 
 
Front surface 
Back surface 
Thin film Si solar cell 
Light 
Figure 2 Simplified schematic of thin film Si solar cell showing front and back surface 
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1.3.1  Anti-Reflection Coating (ARC) 
Antireflection coating by depositing a layer of material that has lower refractive index 
(nARC) is used to reduce amount of incident light that would be reflected. Single layer 
ARC has zero reflection at its center wavelength λc when the thickness of ARC layer is 
𝑡𝑡𝐴𝐴𝐴𝐴𝐴𝐴 = 0.13𝜆𝜆𝐴𝐴 𝑛𝑛𝐴𝐴𝐴𝐴𝐴𝐴⁄ , where 𝜆𝜆𝐴𝐴 = 576𝑛𝑛𝑛𝑛  and 𝑛𝑛𝐴𝐴𝐴𝐴𝐴𝐴 = �𝑛𝑛𝑆𝑆𝑆𝑆 = √3.5 = 1.87. [3] 
ARC material used for Si thin film solar cell is selected to have refractive index 𝑛𝑛𝐴𝐴𝐴𝐴𝐴𝐴 =1.87. There are many candidate of ARC, including ZnO, Si3N4 and SiOxNy. ZnO, Si3N4, 
and SiOxNy can be deposited using RF sputtering [7], LPCVD [1], and reactive sputtering 
[8], respectively. Silicon nanowire can be used as antireflection coating too. Processing 
of silicon nanowire is by using self-assembled nanosphere lithography and 
electrochemical etching. [9]  
For thin film Si solar cell with interdigitated top contacts, the functions of ARC are to 
reduce the reflection of incoming light, passivate the surface, and provide insulation 
allowing selective plating of interdigitated top contacts. [1] Si3N4 is chosen since it can 
perform all three functions well.  
1.3.2  Surface Texturing 
Surface texturing of front or both front and back surface of Si solar cell is used to scatter 
the photon such that optical path length increases. The surface texture can be random 
(Lambertian), inverted pyramid, or cross groove (perpendicular slat). Figure 3 illustrates 
the inverted pyramid and cross groove surface texture. 
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Figure 3 (a) Inverted pyramid front surface [10] (b) Cross groove surface texture [11] 
Figure 4 shows that the performance of lambertian, cross groove (perpendicular slat), and 
double sides of pyramid texture are similar. However, from the cost perspective, both 
perpendicular slat and double pyramid structure has more complex process steps while 
lambertian has simpler process step. [11] 
 
Figure 4 Short-circuit current of different surface texture at different cell thickness [12] 
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Figure 4 only shows short circuit current, while the conversion efficiency of solar cell is 
also determined from Voc and Fill Factor. Due to the lack of data of electrical 
characterization, the surface texturing scheme was not included in our later cost model. 
1.3.3  Back Reflector 
Back reflector is used to reflect back the incident photon. Distributed Back Reflector 
(DBR) is proposed to replace current metal back reflector. The reflectivity of aluminum 
back reflector is typically >95% for normal incidence and <80% for oblique incidence, 
while the reflectivity of Distributed Bragg reflector is much more superior of >99.8% 
over a wide range of wavelength (800-1100nm) and better for oblique incidence. [1]  
The limitation of back reflector is that at most it can only enhance optical path length to 
twice of the cell thickness. To address this limitation, Diffraction Grating (DG) is used on 
back surface to diffract the light inside solar cell to certain angles based on different 
diffraction orders. [3]  When only DBR is used, 70% of light is lost after reflected by 
DBR; when only DG is used, 70% of light lost due to low reflection; when DBR coupled 
with DG are used, they complement each other such that fewer light is being lost. [1] 
DBR consists of pair of Si and SiO2 layers in 8 stacks, and deposited using PECVD. The 
DBR is deposited at temperature less than 450oC but DBR performance is stable even 
after having thermal history of as high as 1000oC for 3.5 hour. [1] The DG can be made 
using interference lithography and directional etching using RIE.  
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Chapter 2 - Technology Descriptions 
2.1 Novel Light Trapping Technology using ARC, DG and DBR 
Feng et al [3] proposed novel light trapping technology using Anti-Reflection Coating 
(ARC), Diffraction Grating (DG) and Distributed Bragg Reflector (DBR). DBR is 
optimized to reflect 800-1100nm wavelength; DG is to diffract the photon; ARC is to 
reduce reflectance of incident photon as well as for total internal reflection inside the cell. 
ARC is placed on the front surface, while DG and DBR are placed on back surface, as 
illustrated in Figure 5. 
 
Figure 5 Schematic of thin film Si solar cell with ARC, DG and DBR light trapping structure [3] 
Table 1 summarizes parameters of optimum structure with 𝝀𝝀𝒈𝒈 = 1.107um.   
 
 
 
Thin film Si 
solar cell 
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Table 1 Optimized parameters for ARC, DG and DBR fabrication [3] 
Parameters Values Parameters Values 
ARC refractive index  𝒏𝒏𝑨𝑨𝑨𝑨𝑨𝑨 1.88  Grating period Λ 0.72𝝀𝝀𝒈𝒈 
ARC thickness 𝒕𝒕𝑨𝑨𝑨𝑨𝑨𝑨 0.13𝝀𝝀𝒈𝒈 𝒏𝒏𝑨𝑨𝑨𝑨𝑨𝑨⁄  Grating depth 𝒕𝒕𝒈𝒈 0.18𝝀𝝀𝒈𝒈 
DBR center wavelength 𝝀𝝀𝒅𝒅 0.85um  Duty cycle w 0.5 Λ 
 
The objective of using ARC+DG+DBR for thin film Si solar cell is to increase the optical 
path length inside the cell such that at given same amount flux of photon, more photon is 
converted to electron hole pair and hence the percentage of conversion efficiency 
increases. The light trapping mechanism improves the amount of photon absorbed by thin 
film Si solar cell. It also works for oblique incidence. The technology best improves thin 
film indirect gap solar cell and not thicker cell. As the active material thickness increase, 
the percentage of improvement is decreasing. 
Table 2 Simulation shows the efficiency improvement of thin film Si solar cell [3] 
Cell thickness  Cell Efficiency (%) 
No AR coating  
Cell Efficiency (%) 
AR coating  
Cell Efficiency (%) 
AR coating + DBR + DG  
2um  6.08  8.28  12.24  
5um  8.34  11.47  15.17  
10um  9.87  13.6  16.64  
100um  12.93  17.64  18.88  
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Table 2 shows the simulated result of monocrystalline Si thin film solar cell without light 
trapping technology, with ARC only, and with ARC+DBR+DG at different cell 
thickness. The result can be plotted in Figure 6. DBR and DG have major contribution 
when the cell thickness is less than 10um. At 100um cell thickness, ARC is a major 
contribution of improvement in cell efficiency. 
 
Figure 6 Graphical presentation of simulation results show the efficiency improvement of thin film Si 
solar cell [3] 
2.2 State of Technology  
Aside from the simulation result shown in Table 2 and Figure 6, there is a prototype for 
cell thickness of 675um. [13] This prototype gives an improvement of 2.1% by adding 
DBR, DG, and ARC compared to one that does not use DBR, DG and ARC. The result is 
relevant with the simulation, whereby the percentage of improvement is decreased when 
thicker cell thickness used. 
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For monocrystalline Si, one can use layer transfer method or sliver cell method. Currently 
there is no prototype for sliver solar cell. For layer transfer method, a prototype for 5um 
cell thickness is fabricated. [14] This prototype gives efficiency enhancement of 14.8% 
using DBR, DG and ARC, lower than theoretical prediction of 28% efficiency 
enhancement. [14] This prototype should have better performance if better surface 
passivation is applied. The theoretical prediction of 28% efficiency enhancement is 
assuming the 20.4% shadowing due to top contact metallization. [14] Previous simulation 
[3], as shown in Table 2 and Figure 6, shows that the theoretical prediction of  
15.17−8.348.34 × 100% = 81.9% efficiency enhancement. The difference is because in the 
previous simulation, an assumption of 5% shadowing was taken into account. 
There is no prototype built on amorphous thin film Si, since the DBR and DG is expected 
to have worse material quality compared with when grown on monocrystalline Si. 
2.3 Assessment of Hype 
The light trapping technology using ARC+DG+DBR is proven to have a beneficial 
impact on thin film Si solar cell. [3] This is shown from the prototype on monocrystalline 
thin film Si using layer transfer method. [13, 14] 
There is enough hype on the technology such as an article titled “Efficient Thin-Film 
Solar Cells” presented on Technology Review website 
at http://www.technologyreview.com/energy/21755/page1/ 
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2.4 Metallization Hurdles 
In the design, the DBR is placed on the back surface of thin film Si solar cell. Since DBR 
is insulating, back contact can’t be placed below the DBR structure. It forces the use of 
interdigitated top contact with lateral P-I-N junctions, as shown in Figure 7. [1] 
 
Figure 7 Interdigitated top contact schematic of thin film Si solar cell with DBR, DG and ARC light 
trapping technology [1] 
The use of top contact for both P and N type Si covers the front surface area that will 
reduce the number of incoming photon and thus reduce the efficiency. It was reported 
that the shadowing of interdigitated top contact can be as much as 20.4%. [14] Simulation 
result shows that the efficiency enhancement drops from 81.9% to 20.4% for 5um cell 
when 5% and 20.4% shadowing is taken into account, respectively. [3, 14] This shows 
that the shadowing effect due to interdigitated top contact is enormous.  
To address this problem, a structure based on textured back reflector with bottom contact 
located at edge of cell can be adapted. [1] Figure 8 shows the cell design that uses half of 
the top contact and has less shadowing due to top contact. 
i 
n n p 
Top contact 
Diffraction Grating 
Distributed Bragg Reflector 
Substrate 
Anti-Reflection Coating 
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Figure 8 Top and bottom contact schematic of thin film Si solar cell with DBR, DG and ARC light 
trapping technology 
 
 
 
p 
n 
p+ 
Top contact 
Diffraction Grating 
Distributed Bragg Reflector 
Substrate 
Anti-Reflection Coating 
Bottom contact 
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Chapter 3 - Process Flow 
3.1 Manufacturing of Amorphous Thin Film Si 
 
Figure 9 Process Steps of continuous manufacturing of amorphous Si solar cell [15] 
Figure 9, taken from an expired patent by Izu [15], shows the continuous manufacturing 
of amorphous thin film Si by using roll-to-roll processing. The substrate of stainless steel, 
aluminum, or glass can be used and perforated to indicate the position of substrate in 
subsequent process steps. Then, it followed by anodization of insulating material such as 
aluminum oxide for Al substrate and SiO2 for stainless steel substrate. In the next step, 
base contact is placed in series and/or parallel arrangement depending on the design. 
Then, semiconductor deposition of P-I-N amorphous Si is performed in the next step. 
Top contact and antireflective coating is then deposited followed by lamination with 
protective webs. This process produces amorphous Si with top and bottom contact.  
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3.2 Process Flow of Monocrystalline Thin Film Si 
Unlike amorphous thin film Si process flow, the monocrystalline thin film Si process 
flow is more complicated and less reliable. To produce a single crystal of thin film (10-
80um) Si solar cell, two approaches are known today. The first approach is to use layer 
transfer technology.  
 
 
 
 
 
 
 
 
 
 
Figure 10 shows the general process flow of layer transfer technology. First, 
monocrystalline Si wafer is prepared. Intermediate layer of porous Si is created on top of 
Si wafer using either deposition or anodization. The porous Si can be flat or patterned 
[16].  Another variation of this is to use hydrogen ion implantation to form the 
Si wafer Si wafer 
 
Si wafer 
 
Substrate 2 
 
Substrate 2 
 
Substrate 2 
 
Porous Si 
Epitaxial Si 
Si wafer 
 
Porous Si 
Epitaxial Si 
Epitaxial Si 
Epitaxial Si 
Removal of porous Si and reuse the Si 
wafer for next processes 
Create 
porous 
layer 
Deposit 
Epi 
layer 
Separate 
Epi layer 
and Si 
wafer 
Bond 
Substrate 2 
and Epi layer 
Remove porous 
Si and flip the 
structure 
Figure 10 Process flow of layer transfer technology of monocrystalline thin film Si solar cell 
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intermediate layer (Smart-cut technique) [17] or by using lower melting material as 
intermediate layer [18]. A layer of monocrystalline Si is grown on top of intermediate 
layer by epitaxy method such as using CVD. The intermediate layer is then broken by 
using either excimer laser [19], waterjet [20], or mechanical force [21]. At the same time 
the Epi layer is bonded to Substrate 2. Substrate 2 can be glass substrate or other 
substrate that is cheaper than Si substrate. The remaining porous layer is then removed, 
that become the final structure of Epi Si on top of Substrate 2. On the other hand, the Si 
wafer can be reuse for the next cycle of layer transfer method. 
The limitation of using these techniques is that the process is a serial process. It takes 
many cycle of process flow to cut the whole wafer into thin-film Si. The yield will be low 
since if there is some failure/scrap of the Si wafer, it can’t be used again for next 
processes. It also needs epitaxial deposition which only occurs on high temperature that 
lengthens the cycle time. 
The other approach to fabricate monocrystalline Si is by cutting Si wafer into many thin 
films Si (sliver) concurrently. Combination of using laser, water jet, dicing saw, 
anisotropic alkaline etch, and plasma etch can be used to cut the Si wafer. [22] This 
method of using sliver Si solar cell is developed by Australian National University and a 
company named Origin Energy Solar from Australia.  
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Figure 11 Illustration of sliver Si solar cell attached in native wafer and rotated 90o after separation 
[22] 
Figure 11 shows sliver cell obtained from cutting 1 to 2mm thick monocrystalline Si 
wafer. PIN junction is then processed when the sliver cell is still attached in the native 
wafer. After that, the sliver cell is detached from native wafer, and then rotated 90o in the 
solar module.  Table 3 shows the complete process steps of sliver Si. 
Table 3 Process steps of sliver Si cell [22] 
Step Step description 
1 Wafer etch and clean 
2 Heavy phosphorus diffusion and in-situ oxide growth 
3 Selective removal of diffusion from one wafer surface 
4 Heavy boron diffusion 
5 Groove mask formation 
6 Initiate grooves 
7 Groove formation 
8 Sidewall texture 
9 Sidewall emitter phosphorus diffusion 
10 ARC growth / deposition 
11 Remove dielectric from both wafer surfaces 
12 Metallise wafer surfaces (the Sliver® cell edges) 
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Each sliver cell has dimension of 50-100mm long, 1-2mm wide and 40-60μm thick. The 
separation of slivers from native wafer, as well as handling to create solar module is done 
in a parallel and low cost way. [23] Figure 12 shows the sliver Si module appearance. 
The spacing of slivers inside the module determines whether semi transparent module or 
translucent module is produced. 
 
Figure 12 Sliver module [24] 
3.3 Process Flow of ARC, DG and DBR 
The process flow of making ARC is simple. Si3N4 layer is deposited to the front surface 
of thin film Si solar cell using LPCVD, as illustrated in Figure 13. 
 
 
The process flow of making DG involves mask-less lithography using interference 
lithography and directional etching using reactive ion etching (RIE). Figure 14 shows the 
cross-section of the sample during the DG process flow. 
Substrate 2 
 
Si 
Si3N4 deposition 
using LPCVD 
Substrate 2 
 
Si 
Si3N4 
Figure 13 Process flow of ARC 
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DBR process flow involves deposition of Si and SiO2 or deposition of Si and oxidation to 
form SiO2 layer. DBR consists of 8 pair of Si/SiO2. Thus repeated deposition is needed 
until the final structure is achieved. Figure 15 shows the cross section during DBR 
process flow. Note that when DBR is performed after DG fabrication, the resulting DBR 
will be like a wavy DBR. 
 
 
 
 
 
Figure 14 Process flow of DG 
Figure 15 Process flow of DBR 
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Chapter 4 - Competing Technologies 
There are many solar technologies being developed. Two main categories of solar cell are 
first, solar cell with high cost and high efficiency and second, solar cell with low cost and 
low efficiency.  
The first category refer to mono-crystalline Si (c-Si), gallium arsenide (GaAs), solar cell 
with tandem structure and/or concentrator, and emerging technology such as quantum 
dot, quantum well, nanowire solar cell. These technologies are mainly used for 
applications that require high solar cell efficiency because of weight and/or volume 
constraint and willing to pay more for it, such as space industry.  
The second category of solar cell with low cost and low efficiency refer to poly-
crystalline Si (p-Si), amorphous Si (a-Si), cadmium telluride (CdTe), copper-indium 
selenide (CIS), copper-indium gallium-selenide (CIGS), dye sensitized solar (DSC), and 
organic solar. These are currently used for terrestrial solar cell application, as customers 
are OK to have larger solar cell to achieve same efficiency compared to first category. 
Also, the second category is generally cheaper. 
In the cost model, only the direct competitors of bulk poly-silicon solar technology and 
incumbent amorphous thin film Si solar technology were used for comparison. In general, 
all of the solar technology competitors are significant threats to the business. 
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Chapter 5 - Complementary Technologies  
5.1 Interference Lithography 
Complimentary technology that contributes to the DG fabrication is Interference 
Lithography. Interference Lithography is a mask-less lithography technique that produces 
periodic or quasi periodic pattern that arise from interference of two coherent beams. 
Figure 16 shows the schematic of achromatic interference lithography.  
 
Figure 16 Schematic of Achromatic Interference Lithography [25] 
 
Figure 17 Scanning electron image of DG made by interference lithography [25] 
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Figure 17 shows example of DG structure made using interference lithography. 
Resolution of interference lithography is sub-50nm and can cover large substrate. Aside 
from that, interference lithography is very cheap (around $50K) compared to other 
projection lithography technique (in order of million dollar).    
5.2 Amorphous Silicon Technology: Uni-Solar Triple Junction 
 
Figure 18 Schematic of Uni-Solar triple-junctions amorphous thin film Si solar [26] 
Figure 18 shows Uni-Solar’s triple junction cell design with top, middle, and bottom cells 
that convert photon of blue, green, and red wavelength, respectively. The triple junction 
cell is having metallization of top and bottom contacts. Indium Tin Oxide (ITO) is used 
in front surface of solar cells as ARC. Zinc oxide is used in back surface of solar cells as 
back reflector.  
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Figure 19 Process flow of Uni-Solar triple-junctions amorphous thin film Si solar cell [26] 
The process steps illustrated in Figure 19 are similar with the amorphous Si process step 
explained before. The triple junction is a mature technology since the company has used 
it for quite long.  
It is possible to replace the zinc oxide and silver with DBR and DG. The quality of DBR 
and DG might be less than the DBR and DG grown on monocrystalline Si. Nevertheless, 
the addition of DBR and DG will be justified in the cost model in Chapter 8.  
5.3 Monocrystalline Thin Film Si Solar Cell 
Light trapping technology using DBR, DG, ARC can be used on thin film Si produced by 
layer transfer method, but layer transfer method is a high cost process because it is a 
serial process. Currently, the layer transfer method is used only in integrated circuit 
fabrication facility, for example to create Silicon on Insulator (SOI) structure. Since this 
complimentary technology is not very mature for solar cell industry, it will not be 
considered in cost model at Chapter 8. 
Thin film sliver Si technology is quite mature for solar industry because of high 
throughput sliver cells and low cost handling and assembling of the module. The light 
trapping mechanism currently used for sliver cell is by using surface texturing at solar 
cell level and ARC and back reflector at solar module level, as illustrated in Figure 20. 
  32 
 
 
Figure 20 Cross section of sliver Si module with sliver cell on the middle [27] 
There are difficulties in fabrication of DBR and DG on sliver Si solar cell. This is 
because while ARC can be deposited on sliver cells when it still attached to native 
substrate, DBR and DG could not. To fabricate DBR and DG, the sliver cells must be 
detached and placed down from the native substrate, because the sidewall of sliver cells 
is not reachable when it still attached to the native substrate. Sliver Si technology has 
high throughput because the processing of sliver Si is concurrent and still attached to the 
native wafer. Moreover, the sliver handling technology is not by vacuum chuck on each 
sliver, but by using continuous tape for low cost handling. This tape is made from 
polymer and will not stand the fabrication temperature of DBR and DG. Although sliver 
Si cell is dominant technology in monocrystalline thin film Si solar cell, the light trapping 
technology of DBR and AG is not feasible because of technical constrains described. 
Thus, it will not be featured in cost model at Chapter 8.  
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Chapter 6 - Market Evaluation 
6.1 Market of Thin-Film Si Solar Cell 
The market of terrestrial solar power in North America is approximated to be $ 1 Billion 
in 2009, as illustrated in Figure 21 of Frost & Sullivan report. [28] Market share of thin 
film solar technology is projected to be 13.7% in 2009 [29]. Combining both data results 
in $137 Million potential revenue for thin film solar cell in 2009. [28] 
 
Figure 21 Terrestrial solar power revenue forecast for North America [28] 
The market of thin film solar cell that is manufactured in USA and exported to outside is 
approximately $450M in 2007. This number is calculated from the data in Figure 22a and 
Figure 22b. From Figure 22a, 200,000,000W of thin film cell is shipped in 2007, while 
from Figure 22b the price of solar cell is $2.25/W. By multiplying the two gives the 
approximate market of $450M thin film solar in 2007. 
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(a) 
 
(b) 
Figure 22 (a) PV cell and module shipments by type [30] (b) PV cell and module average price [30] 
In order to get more precise cost of solar cell and market in 2008, two competing 
companies are analyzed. The competitors analyzed are SunPower and United Solar which 
represents poly-Si solar panel and amorphous Si solar panel company, respectively.  
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In 2008, SunPower’s revenue from component sales and cost of product sold are 
$614,287,000 and $417,669,000, respectively. [31] The price of poly-Si solar panel is 
$3.26/watt. [32] Hence, the cost of solar panel and number of product sold can be 
calculated using the following formula: 
 
 
In result, the cost of poly-Si solar panel and the market (number of product sold) are 
$2.22/watt and 188.4MW, respectively.  
Using the same approach, the cost of amorphous Si solar cell and the market of 
amorphous solar cell can be calculated. United Solar’s revenue and cost of product sold 
in 2008 are $231,519,000 and $169,015,000, respectively. [33] The price of amorphous 
Si solar panel is $2.74/watt. [32] Thus calculated results for amorphous Si solar cell are 
$2.00/watt cost and 85MW market. 
6.2 Market Direction of Light Trapping Technology 
The market of solar cell can be categorized into terrestrial market and space market. 
Terrestrial market is more favored to reduction in the cost per watt of solar cell. This 
means that the conversion efficiency is of less importance compared to price/watt ratio. 
Thus, the real factor for buying decision for terrestrial market is decrease in price/watt, 
while an increase in conversion efficiency is a bonus. On the other hand, space market is 
more favored for an increase in conversion efficiency, lighter solar cell, and more 
radiation resistant solar cell.  
panelsolar  of  Price
Revenue
soldproduct  ofCost PanelSolar  ofCost =
panelsolar  of  Price
Revenuesoldproduct  ofNumber =
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Chapter 7 - Intellectual Property 
7.1 Intellectual Property for Amorphous Thin-Film Si Solar Cell 
The technology for thin film Si solar cell is not new. The method listed on the expired 
patent can be used freely for manufacturing of a-Si solar cell. Table 4 shows the expired 
patent related to thin film amorphous Si solar cell fabrication. 
Table 4 Relevant patents for amorphous thin film Si solar cell fabrication 
Patent No. Issue Date Inventor  Assignee Descriptions Remarks 
US 4,410,558 Oct 18, 
1983 
Masatsugu Izu 
et al 
Energy 
Conversion 
Devices, Inc. 
Continuous 
amorphous 
solar cell 
production 
system 
Expired 
Patent 
US 4,519,339 May 28, 
1985 
Masatsugu Izu 
et al 
Sovonics Solar 
Systems 
Continuous 
amorphous 
solar cell 
production 
system 
Expired 
Patent 
 
7.2 Intellectual Property for Crystalline Thin-Film Si Solar Cell 
Crystalline thin film Si solar cell with cell thickness of less than 10um is not popular in 
today industry. This is because of difficulty to handle the thin film Si and yield is 
expected to be very low that results in high cost of thin film manufacturing. 
As mentioned before, two methods to fabricate thin film Si are by using layer transfer 
method, where the thin film is processed on the native handle and transferred to cheaper 
handle using wafer bonding, and sliver Si method, where many slivers of Si are cut 
concurrently and processed while still attached on native wafer. 
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Table 5 shows the relevant patents for monocrystalline thin film Si fabrication. Layer 
transfer patents are listed as the first six patent in Table 5, while sliver Si patent is listed 
as the last entry in the Table 5. Since layer transfer method is not feasible for 
manufacturing of solar cell fabrication, it is mostly used only in the integrated circuit 
industry. 
Table 5 Relevant patents of monocrystalline thin film Si solar cell fabrication 
Patent No. Issue Date Inventor  Assignee Descriptions Remarks 
US 6,645,833 Nov 11, 
2003 
Rolf Brendel Max-Planck-
Gesellschaft zur 
Foerderung der 
Wissenschaften 
e. V. 
Layer transfer 
method for a 
patterned thin 
film 
- 
US 4,116,751 Sep 26, 
1978 
Solomon 
Zaromb 
- Layer transfer 
method using 
low melting 
material as 
intermediate 
layer 
Expired 
Patent 
US 5,863,830 Jan 26, 
1999 
Michel Bruel 
et al 
Commissariat a 
l'Energie 
Atomique 
Layer transfer 
method using 
manipulator 
- 
US 6,391,743 May 21, 
2002 
Masaaki 
Iwane et al 
Canon 
Kabushiki 
Kaisha 
Layer transfer 
method using 
waterjet 
- 
US 6,133,112 Oct 17, 
2000 
Masaaki 
Iwane et al 
Canon 
Kabushiki 
Kaisha 
Layer transfer 
method using 
excimer laser 
- 
US 6,372,609 Apr 16, 
2002 
Hiroji Aga et 
al 
Shin-Etsu 
Handotai Co., 
Ltd., Soitec S.A. 
Layer transfer 
method using 
hydrogen ion 
delamination 
(Smart Cut) 
- 
US 7,534,699 May 19, 
2009 
Paul Charles 
Wong et al 
Origin Energy 
Solar Pty Ltd 
Method to 
separate and 
handle Si sliver 
from initial 
wafer 
- 
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7.3 Intellectual Property for Light Trapping Technology 
Table 6 shows the patent portfolio for light trapping technology. The expired patents by 
Exxon Research and Engineering Co. explain the use of ARC and DG for thin film solar 
cell. Novel design of DBR for thin film Si solar cell is patented by MIT (US 7,482,532). 
Combination of these patents makes it possible to fabricate ARC, DG and DBR together.  
Complementary technology of Interference lithography patent field is dominated by MIT 
(Patent no US 5,142,385 and US 6,882,477). By obtaining license of these patents from 
MIT, interference lithography tools can be built for manufacturing of DG. Patent of DG 
on front surface by Gratings, Inc., Sandia Corporation is mentioned just for information. 
Table 6 Relevant patents of light trapping technology 
Patent No. Issue Date Inventor  Assignee Descriptions Remarks 
US 7,482,532 Jan 27, 2009 Yasha Yi et al Massachusetts 
Institute of 
Technology 
DBR structure 
on back surface 
- 
US 4,398,056 Aug 9, 1983 Ping Sheng Exxon Research 
and Engineering 
Co. 
ARC and DG 
structure 
Expired 
Patent 
US 4,493,942 Jan 15, 1985 Ping Sheng et 
al 
Exxon Research 
and Engineering 
Co. 
ARC and 2 
dimensional 
DG structure 
Expired 
Patent 
US 4,536,608 Aug 20, 
1985 
Ping Sheng et 
al 
Exxon Research 
and Engineering 
Co. 
ARC and 2 
dimensional 
hexagonal DG 
structure 
Expired 
Patent 
US 5,142,385 Aug 25, 
1992 
Erik H. 
Anderson et al 
Massachusetts 
Institute of 
Technology 
Holographic 
lithography/ 
Interference 
lithography 
- 
US 6,882,477 Apr 19, 2005 Mark 
Schattenburg 
et al 
Massachusetts 
Institute of 
Technology 
Interference 
lithography 
utilizing phase-
locked scanning 
beam 
- 
US 6,858,462 Feb 22, 2005 Saleem H. 
Zaidi et al 
Gratings, Inc., 
Sandia 
Corporation 
DG structure on 
front surface 
- 
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Chapter 8 - Cost Analysis  
As mentioned before, there is no cost model for monocrystalline Si solar cell. Layer 
transfer method is an expensive process that will not be used in thin film Si solar cell. 
Sliver technology is not able to be incorporated with DBR and DG when the slivers are 
still in native wafer. Even if fabrication of DBR and DG is performed for sliver Si after 
separated from native wafer; it will cost much for handling the sliver Si cell. 
In this section, cost model of amorphous thin film Si solar cell is created using 
combination of top-down and bottom-up approach. Figure 23 shows the schematic of cost 
model, where the top-down approach is used to estimate the unit cost and production 
volume of incumbent thin film Si solar panel.  
The top-down approach has been performed in Chapter 6. From calculation, amorphous 
Si solar cell has $2.00/watt cost and 85MW market. The capacity of 85MW is equivalent 
to 7,024,793 solar cells, with assumption of area of 0.1m2 per solar cell, 12.1% efficiency, 
and 1000W/m2 (AM1.5). This was used as an input for subsequent bottom-up approach. 
Assume using the expired patent of amorphous Si fabrication, amorphous Si solar cell is 
produced with same cost as United Solar solar panel. In addition to that, 3 more 
fabrication steps are introduced to increase the efficiency of thin film Si solar cell. Three 
major steps are DBR (Distributed Bragg Reflector), DG (Diffraction Grating), and ARC 
(Anti-Reflective Coating) fabrication. From here, we will use the bottom-up approach for 
cost modeling. 
Figure 23 Schematic of Relative Process Based Cost Modeling using combination of top down and 
bottom up approach 
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Best-case assumptions that underestimate the cost/performance ratio are used. Assume 
cycle time for each process is 1/6 hour for each batch. Each batch has 4 solar cells.  This 
assumption is valid since this is the typical cycle time for the tools. 
Process-based cost model is developed for DBR, DG and ARC process steps. Material, 
energy, labor, tools, building space, and overhead was used as relevant cost components 
of the process steps. For complete details of cost model can be found in Appendix 1. 
Table 7 shows that at 85MW production volume, the proposed thin film Si solar panel 
has much higher total cost of $2.63/watt compared to the incumbent cost of $2/watt and 
p-Si competitor of $2.22/watt as shown in Table 8. This cost is a sum of fixed cost of 
$0.09/watt and variable cost of $2.54/watt.  
Table 7 Cost model result for production volume of 85, 50 and 25 MW 
Our Technology (5um thick Si) 
Capacity= 7,024,793 cells (85MW) 
Production:  
Solar panel’s  
Cost (US$/watt)  
Record Efficiency 
(%)  
7,024,793 cells (85MW) 2.63 15.17  
4,132,231 cells (50MW) 2.69 15.17  
2,066,115 cells (25MW) 2.84 15.17  
 
Table 8 Competitors of p-Si and incumbent a-Si 
Competitor Technology  Solar panel’s 
Cost(US$/watt)  
Record Efficiency 
(%) [5, 6] 
Poly-crystalline Si (p-Si) 2.22  16.5  
Amorphous Si (a-Si)  2  12.1  
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Figure 24 shows the unit cost at various production volume. The fixed cost is decreasing 
with increasing production volume, while variable cost is not affected by production 
volume. At 85MW production volume, variable cost is the key cost driver since no matter 
the fixed cost can be lowered; the variable cost of $2.54 is still higher than incumbent 
cost of $2. 
 
Figure 24 Unit cost at different production volume for 85MW capacity 
To dig more into details, the variable cost consists of material, energy and labor cost. 
Figure 25 shows that aside from the cost of solar cell purchased (obtained from top-down 
approach), the DBR material cost is the key driver for variable cost. Based on this 
observation, it is suggested to decrease variable cost with increasing production volume, 
by negotiating with material supplier to reduce their unit price of materials with increase 
of order volume. 
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Figure 25 Variable cost breakdown 
Based on the cost model, the addition of light trapping using DBR, DG and ARC adds 
more performance but also adds the cost of production. It was found that even though 
best-case assumptions are used, the cost/performance ratio is still higher (worse) for thin 
film Si solar cell utilizing DBR, DG and ARC light trapping technology. 
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Chapter 9 - Business Strategy  
9.1  Supply Chain 
Figure 26 shows the supply chain for photovoltaic industry. The material supplier, 
process tools manufacturer, solar test tools manufacturer, inverter manufacturer, and 
charge controller manufacturer are usually independent entity. Solar cell manufacturer, 
solar module manufacturer can be independent or same entity. Wholesaler, installer, and 
system designer can be independent or same entity. Government plays a role by 
regulating the industry and giving tax incentive.  
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9.2 Business Model 
Three different business models are summarized in Table 9. Since the cost model does 
not show decrease in the cost/performance ratio, the business model of Solar Cell 
Company and Service Company are not feasible. The only feasibility is business model 
of being an IP company. 
Table 9 Comparison of business model 
 IP Company Solar cell company Service company 
Definition No manufacturing 
activity. Company 
receives revenue by 
licensing the IP. 
Manufacturing of thin 
film Si solar cell. 
Company receives 
revenue by selling 
solar cells to solar 
module manufacturer. 
Target customer: 
current thin film Si 
solar cell 
manufacturer. 
Company receives 
revenue by selling 
service of fabrication 
of light trapping 
technology to solar 
cell company. 
Startup cost Low Higher High 
Operating cost Very low Higher High 
Profit margin Low Potential high Medium 
Risk Low High High 
Dependence Dependent to licensee Relatively no 
dependence 
Dependent to solar 
cell company 
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Chapter 10 - Conclusions 
Innovation process by iterating technology, market, and implementation bubbles is 
performed. The iteration quantifies the risks in each bubble. If the three bubbles converge 
closer to each other, the risks reduces. Otherwise, risks are not reduced. 
The risks in technology side comprises of the physics, complementary and competing 
technology. The risk in physics of the technology is quite low. The risk in complementary 
technology of interference lithography is also low. The interference lithography is proven 
to create periodic and quasi-periodic pattern over large substrate. Complementary 
technology of monocrystalline thin film Si solar cell does not show a good sign. Thus at 
the moment, the light trapping technology can only be used for amorphous thin film Si 
solar cell. The risk in competing technology is the biggest. High efficiency and high cost 
solar cell can disrupt the thin film Si solar cell technology if they can find ways to reduce 
the cost significantly. Low efficiency and low cost solar cell present moderately risk and 
they are the direct competitor for thin film Si solar cell technology.  
The risk in market is mainly of recession and tax incentives. US recession of 2008-2009 
affects the first quarter sale 2009 of most solar companies that cover most of supply chain 
levels. From the installer such as Akeena Solar and Applied Solar have net loss of 
$5,079,224 and $4,356,000, respectively.  SunPower is having net loss of $4,786,000 in 
first quarter 2009 too. This is an indication that now is not the right time to enter the 
market. The second risk is coming from tax incentives from government. Risk is high by 
having a business whereby revenue is heavily relied on external factor such as tax 
incentives. 
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The risk in implementation comes from manufacturing. As shown in the cost model, the 
increase in efficiency is also followed by higher increase in the cost, resulting in higher 
cost per energy ratio. Moreover, the cost model does not include incentive for customer 
to move to use this new technology.  
Considering high risks in technology, market, and implementation, a conclusion of 
forming an IP company is a good idea. For the next iteration, it is suggested that there 
should be a new method to fabricate DBR and DG with low fabrication cost. Also, a new 
method to integrate DBR and DG process steps into sliver Si solar cell attached to native 
wafer is needed. 
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Appendix 1 Cost Model 
INPUT   
Production Volume 85,000,000.00 Watt 
Production Capacity 85,000,000.00 Watt 
Annual Production Volume 7,024,793.39 (cells/yr) 
Facility Production Capacity 7,024,793.39 (cells/yr) 
 
EXOGENOUS DATA   
Working Days/Yr Equipment 365   
Downtimes    
No (none) Operations 0.00 hrs/day 
Planned Paid 0.00 hrs/day 
Planned Unpaid 0.00 hrs/day 
Discount Rate 0.10   
Accounting Life of Machine 10.00 yrs 
Cost of Building Rent 14,140.69 total for building/yr 
Cost of Cleanroom 4,533,000.00 total for building 
Cost of Electricity 0.05 /kWh 
Direct Wages Technician (w/ benefits) 21.15 /hr 
Direct Wages Supervisor (w/ benefits) 37.19 /hr 
 
PROCESS INPUTS   
Unplanned Downtime 0.120 hrs/day 
Solar cell scrap rate 0.010   
DBR Reject Rate 0.010   
DG Reject Rate 0.010   
Ar Reject Rate 0.010   
DBR Equipment Cost 400,000.00   
DG Equipment Cost 755,000.00   
CVD 400,000.00   
Interference Lithography 55,000.00   
Reactive Ion Etching 300,000.00   
AR Equipment Cost 300,000.00   
Lines (capacity) 35.00   
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Cost of Cleanroom 2,000.00 $/m2 
Cost of rent 6.24 $/m2 
Floor space 2,266.50 m2 
     
DBR Equipment Footprint 10.8864 m2 
DG Equipment Footprint 11.8864 m2 
CVD Footprint 10.8864 m2 
IL Footprint 0.5 m2 
RIE Footprint 0.5 m2 
AR Equipment Footprint 0.25 m2 
Total Required Equipment Space 805.798   
    
DBR Energy Consumption 5.00 kW 
DG Energy Consumption 5.60 kW 
AR Energy Consumption 5.00 kW 
Overhead for cleanroom 453,300.00 /year 
     
Direct Laborers Per DBR 0.50   
Direct Laborers Per DG 0.50   
Direct Laborer Per AR 0.50   
Direct Supervisor per Process 1.00   
 
Reference Variables   
Incumbent Solar Efficiency 12.10%   
Improved Solar Efficiency 15.17%   
Terrestrial Solar Irradiation 1,000.00 Watt/m2 
Solar Cell Area 0.10 m2 
     
Day in a Year 365.00   
Hour in a Day 24.00   
     
Number of cell per batch 4.00 cell/batch 
     
Required Silane for DBR per hour 10.83 gr/hr 
Required Oxygen for DBR per hour 2.50 liter/hr 
Required Hydrogen for DBR per hour 2.50 liter/hr 
Required Silane for DG per hour 1.28 gr/hr 
Required Resist for DG per hour 0.12 liter/hr 
Required Silicon for ARC per hour 0.18 cm3/hr 
Required Nitrogen for ARC per hour 2.50 liter/hr 
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Material Requirements:   
  $2.00 per watt 
Solar cell- purchased $24.20  per cell 
Annual Solar Cells Required $177,862,774.34  /year 
      
Silane for DBR fabrication                       94,759  gr/yr 
  17 $/gr 
Annual silane gas Required $1,610,897.06  /yr 
     
Oxygen gas 21,874.11  liter/yr 
  $3.56  $/liter 
Annual Oxygen gas Required $77,926.52  /yr 
     
Hydrogen gas                  21,874.11  liter/yr 
  $2.74 $/liter 
Annual Hydrogen Gas Required $59,958.50  /yr 
      
Silane  for DG fabrication                  11,199.55  gr/yr 
  $17.00 $/gr 
Annual silane gas Required $190,392.27  /yr 
     
Resist                    1,049.96  liter/yr 
                        291.00  $/liter 
Annual Resist Required $305,537.59 /yr 
      
Silicon target                    1,609.93  cm3/yr 
  $16.40  $/cm3 
Annual silicon target Required $26,405.16 /yr 
     
Nitrogen gas                  21,874.11  liter/yr 
  $2.96  $/liter 
Annual Nitrogen gas Required $64,841.12 /yr 
 
Process Calculations   
Actual Production Capacity 7,024,793    
Effective Capacity 7,349,701    
Capacity and Volume are Consistent? TRUE   
Available Operating Time DBR 8,716  hours / year 
Available Operating Time DG 8,716  hours / year 
Available Operating Time AR 8,716  hours/year 
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Effective Cycle Time total (from below) 0.17  hr / batch 
Required Operating Time (produced) 8,750  hours / year 
Required Operating Time (capacity) 8,750  hours / year 
Run-Time for One Machine (produced) 100%   
Run-Time for One Machine (capacity) 100%   
Effective production 7,349,701.419   
     
Annual Energy Consumption 136,494  kWh 
 
Cycle Time Calculations   
  Predicted   
DBR 0.17 hr/batch 
DG 0.17 hr/batch 
AR 0.17 hr/batch 
     
Total Cycle Time (hour/lot) 0.17   
 
VARIABLE COSTS per cell per year percent  
Material Cost   $36.96  $259,621,312  92.71%  
Energy Cost   $0.03  $234,088  0.08%  
Labor Cost   $1.52  $10,689,605  3.82%  
Total Variable Cost (cost/cell) $38.51  $270,545,004  96.61%  
Variable Cost/Watt - with improved efficiency $2.54       
     
FIXED COSTS per piece per year percent investment 
DBR  Machine Cost $0.32  $2,278,436  0.81% $14,000,000  
DG Equipment Cost $0.61  $4,300,547  1.54% $26,425,000  
AR Equipment Cost   $0.24  $1,708,827  0.61% $10,500,000  
Fixed Cleanroom Cost   $0.11  $737,725  0.26% $4,533,000  
Building Cost   $0.00  $14,141  0.01% $14,141  
Maintenance Cost   $0.06  $453,300  0.16%   
Total Fixed Cost  $1.35  $9,492,975  3.39% $24,514,141  
Fixed Cost/Watt - with improved efficiency $0.09        
     
Total Fabrication Cost   $39.86  $280,037,979  100.00%  
Cost/Watt - with improved efficiency $2.63       
 
